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TECENICAL MEMORANDUM NO, 1089

INVESTIGATION OF FLOW IN A OENTRIFUGAL PUMP'

By Karl Tischer
SUMMNARY

The investigation of the flow in a centrifugel pump in-
dicated that the flow patterns in frictlonal fluid are fun—
damentally different from those in frictionless fluid. In
particular,the dead air space adherling to the section side
undoubtedly causes a reduction of the theoretically possible
delivery head. .

The velocity distridbution over a parallel circle is al-—
s0 subjected to a noticeadble charge as a result of the in-—
complete fllling of the passages. The relative velocity on
the pressure eide of the vane, which for passages completely
filled with active flow would differ little from zero even
at comparatively lowver than normal delivery volume, is in—
creased, 8o that no rapid reverse flow occurs on the pressure
gslde of the vane even for emeller delivery volume,

It was established, further, thet the flow ceaeses to be
stationary for very small quantities of water.

The inflow to the impeller can be regarded as vradial for
the operating range in question.

The velocity triangles at the exit are sudblected to a
significant alteration in shape as a result of the increased
peripheral velocity, which may be of particular importance
in the determination of the guide vane entrance angle.

1 -

"Untersuchung der Stromung in einer Zentrifugal—-Pumpe."
Mitteilungen des Hydraulischen Instituts der Technischen
Hochschule, Munchen, No. 4, 1931, pp. 1-27.
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ISTRODUGT ION

The actusl power input of a centrifugel pump is con-—
siderably less than that stipulated theoretically on the
assumption of an infinite number of vanes. The cause of
the powver reduction lies in the uneven pressure and ve-
locity distribution over a parasllel clrcle as conseaguence
of the "passage vortex." It is true that the modern cal-
culating methods allow for this phenomenon and also for the
reduction in flow-off angle directly connected with it, and
do achieve a satisfactory agreement with reality by means
of correction factors. Nevertheless, the velocity triangles
at the exit, which are decisive for the attainadle delivery
heads, cannot be definitely indicated. ZExact knowledge of
the flow conditions especially at the exit 1s, on the other
hand, desirable in many respects, such as in the design of
the guide vanes, for instance. The assumptions which are
necessary for the prediction of the flow pattern, especially
the one that the impeller passages run always full with
active flow, lead to erroneous conceptions of the flow
distridbution, particularly for smaller throughflow quantities,
as will be readily seen from the subdsequent report. Admit-—
tedly, there was no longer any doubt as to the incorrectness
of the assumption of passages being completely fillled with
active flow, after the phenomenon of dead air space forma—
tion on airplane wings had been closely observed. But little
importance was attached to this fact in its effect on the
performance.

Theoretical studies of the extent of this effect in—
troduced by the formation of dead air space present con—
siderable difficulties, because of the absence of any kind
of reference data on the extent of the dead air sones and

their variability with changes of % (q = throughflox

quantity, w = angular velocity). The experimental investi—
fation of these phenomenona with the use of the rotoscope

devised by D. Thoma) forms the subject of the present re—
port.

DESCRIPTION OF THE EXPERIMENTAL SETUP

The poeed problem of exploring the flow processes in a
centrifugal pump demanded that the principal aim in the
structural design of the experimental pump be centered on
the possibillity of clear observation of the flow.
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Experimental Pump (Fig. 1).
The water system differed little from standard practice,
except that the arrangement and the drive of the pump were
designed for the particular purpose in view. By arrange—
ment of the impeller conforming to figure 1, the section
pipe became stationary, and the observation of the flow was
not obstructed by an extraneous support. It is essentinl
that the impeller be shut off in front by a glase wall.

Impeller
The impeller has six vanes of conventional design. TFor
constructive reasons the vanes were of 8~millimeter thickness.
The impeller was designed for n = 400 rpm, Q = 8.3 1liters

per second, and H = 1,65 meters.

The principal dimensions are as follows:

Width at entrance by = 0,0226 meter
Width at discharge bg = 0,020 meter
Diameter at entrance D; = 0.140 meter
Diameter at dlscharge Dg = 0.280 meter
Diameter of inlet pipe Dg = 0.100 meter
Number of vanes g = 6

Entrance angle By = 17°
Discharge angle . Bg = 28°

The impeller was illuminated by six concentrically ar-—
ranged 100-watt lamps. For the photographic work six arc
lamps of adbout 1000 candle power each were added, which
reduced the exposure time to 1/1000 gecond.

Total Arrangement

The water taken from a pressure line was carried to the
test pump by way of & large water tank kept at constant level
by an overflow. The whole arrangement can be seen from fig—
ures 1, &, and 4. Pressure and water wvere regulated dyr a
slide valve fitted in the pressure line. From there the water
passed to the balance set up in the subcellar where it wns
discharged in the taill water after welghing. The pump was
driven by electric motor with variable speed. In order to
eliminate the viscosity effect, which 1s much more evident
at the comparatively small dimensions of the test pump, than
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in most practical applications, the speed was chosen as high
as consistent with the strength of the glass plate — 450 rpm.
The Reynolds number 1s, of course, occasionally greater 1n
practical applications; for normal water volume and n = 450
rpm the Reynolds number of the test pump referred to the
hydraulic radius at the inlet and outlet of the impeller
passages, was, however, 164,000 and 108,000, so that no
fundamental changes of the flow are to be expected for larger
versions.

The head was measured by mercury manometer.

Observation of ¥low

The flow is observed during the operation of the pump
by the rotoscope shown in figures 1 and 4. The rotoscope
(reference 1) is based on the phenomenon that the reflected
image of a stationary oblect rotates when the plane of re—
flection is rotated.

Therefore, it 1s possible to make a rotating obJect
appear at rest wvhen the obdject is reflected about a plane
wvhich passes through the line of view colnclding with the
axis of rotation and rotates at half the impeller speed adout
the line of vision. The reflection 1s affected by a so-—called
Dove prism. The rotoscope, set up 1.2 to 1.5 meters from
the pump impeller,is driven by belt and electiric motor; a
fly wheel takes up minor irregularities of the drive. The
speed is adjusted by seriles resistance and bdraking of the
fly wheel by hand to half pump speed. The rotoscope gives
a poerfectly still picture only when 1t is mounted co—axially
with the pump. In many tests, however, a camera rotating at
pump speed was arranged instead in the extension of the
pump center, bringing 1te optical axis on a line with the
punp shaft, The camera was operated by chains and counter—
shaft from the pump. The shutter was released during oper—
ation. An interconnected,electrically actuated friction
coupling permitted starting and stopping of the photographic
apparatus (1nterruption of rotary motion) without having to
stop the pump. (See fig. 6.) But for the photographing the
rotoscope was utilized at the sz2me time, because 1t 1is not
necessary 1in all circumstances that pump shaft and rotoscope
axls colnclde in one line. Even when both meet at not too
great an angle, satisfactory observations are still obtain-
able for many purposes, so long as this point of intersection
coincides with the center of the impeller (fig. 7). The use
of camera and rotoscope simultaneously has the great advan-—
tage of accurate timing of the flow attitude desired for
Photographing. )
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The flow was rendered visible by = mixture of azo—acid
(red) and nigrosine introduced at various points, indicated
"as A, B, and C., The dye was introduced centrally through
a b~millimeters thick brass tubing (rotating) in the pump
shaft (fig. 1). To forestall accidental disturbances due
to the finite thickness of the dye tubes (2-millimeter -
thickness) one vane was equipped with three holes (0.5 milli-
meter in diameter) into which the dye was poured through a
covered groove in the vane (fig. 8). The speed of outflow
was kept low by suitadly chosen height level of the dye
container, in order to avoid a felsification of the flow
pattern through high entrance speed of the dyes mixture.

BXPER IMENTAL RESULTS

Note: According to the investigatione by Oertli (ref—-
ference 2) in the laboratory of the Federal University,
Zurich, the flow through a centrifugal pump is not completely
two—dimensional, although he was able to establish the fact
that, except for unusually wide departure from normal oper-
ating conditions, the total flow in the impeller i1s suffi-
ciently characteriszed by the distribution of the stream
filaments in the median throughflow plane. For thie reason
the dye outlet flow was arranged in the center of the vanes.

Inflow to Impeller

In order to obtain information regarding the assumption
of vertical inflow serving as basis of the impeller calcu~
lation, the obaervetion of the absolute flow became necessary.
Hence, in these experiments the rotoscope and the rotating
camera were not required. The observation was made by naked
eye, the photographic records were made by statlionary camera.
Five different flow attitudesfor n = 460 rpm are reproduced
in figures 9, 10, 11, 12, and 13, The corresponding photo—
graphs from test series II (n = 350 rpm) show no difference
in flow distribution from those taken at n = 460 rpm,

Figure rpm ( :H?'e' 8 ——Q—- H Remnrks
sec)  _ Quorm (m)
9 4560 14.81 1.568 0.763 Q above normal
10 450 9.40 1.00 1,885 Q normal
11 460 5.74 .61 2,351 Q below normal
12 450 3.20 .34 2.568 Q Dbelow normal
13 460 1.856 « 20 2.589 Q bYelow normal
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It is readily seen that the departure froam vertical in-
flow remains within narrowv limits. "Preliminary rotation"
becomes perceptible only for small quantities of water
(f1gs.12 and 13). This is likely to be due less to friction
effect than to reverse flow from the impeller passages, wvhickh,
at sinking of the delivered wvater volume belowv a certain limit,
was very plainly observed in the subsequently described tests
(fi1g. 19 ). For the present, it may be stated that reverse
flow begins 1in several passages at greatly sudbnormal water
volumes, but that the flow is not stationary in resvect to
the impeller. The place at which the reverse flow prevails,
varies. The back flowing water subjected to rotation mixes
in the space before the entrance with the fresh water and
causes 1t to rotate, The mixing process combines with the
reverse flow to produce a very irregular velocity distridbutloen,
as exemplified in the peculiarly torn and twisted form of the
dye filament. (See figs. 12 and 13.)

Flow in the Impeller Passages

A number of theoreticel studies have dealt with the prod—
lem of identifying the relative flow in rotating channels.
The procedure usually consisted of dividing the total flow in-
to two parts, a vortex free throughflow and a flow with con-
stant vortex corresponding to the angular velocity of the
impeller, but without throughflow. The great advantage of
such a2 division is that the variations in the velocity con-
ditions at changes in throughflow or angular veloclity are
easily accounted for. Kucharski (reference 3) succeeded,
although with friction dilscounted, in finding a2 rigorous theo—
retical solution for a rotating impeller of very simple form
with straight vanes of finite length reaching radially to the
center. The conventilonally employed impeller forms with
curved passages, finite vane lengths, which intersect the en—
trance circle, offer consideradble difficulties to the mathe—
matical solution of the flow pattern. In this connection
reference is made to studies by Spannhake (reference 4) which
were made by means of conformal transformation on the basis
of specific conditions, But the actually resulting flows,
especially for very small quantities of water, departed con—
sideradly from the theoretical solution on account of the
friction and the instability and separation phenomena in-
duced by it, TFrom the observations descrided here 1t was con—
cluded that in no case, whether at normal, above,or below nor—
mal delivery of water, the passages were completely filled
with active flow.
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Determination of mit between dead air space and ac—
tive flow,—~ For reasons of greater accuracy in the sudbse—
“quent investigations the dye cutlet designated with A 1is
largely resorted to. At the start of the dye injeétion the
boundary layer emanating from the entrance edge ig, at flrst,
consideradly colored, as seen from figure 14 (dye inflow at
B) taken a short time after start of dye outflow. The color—
ing of the dead air space is barely noticeabdle. But gradu—
ally the color collects in the dead air space until finally
the entire space appears filled with colored liguid (ef. fig.
16). Apart from small and very small gquantities of water,

a fairly sharp separation appears to take place. This 1is
not to imply, however, that no interchange of fluid occurs
at all between the two sones. (The preservation of the
vortex motion specifies an interchange.) But, in general,
the amount of water that passes through the dead air space
is disappearingly small compared to the total delivery.

-

Description of flow at different proportions of water

volume —-—3———5— The decrease of the ratio ——EL_——- below
Q normal Qrormal

a certaln limit 1le accompanied by two typiecal characteristice
in the flow: .

l. The flow is no longer stationary (appearance of vary-—
ing reverse flows ).

2. The flow attitude at a given time interval differs
in the several impeller passages.

The transition from stationary to pulsating flow 1is
1llustrated on several worked-out problems.

In figure 15 the flow conditions are represented for

n = 252 rpmg Q = 2.46 liters per second
Q

—_—= 0,47} H= 0,75 meter

Qnormal :

(Graphical reproduction of relative flow observed in the
rotoscope.) No dissimilarity of flow conditlons were observed
in the individual impeller passages for this quantity of water,
but more than half of the passages were full of dead alr, The
active sone was only a fairly narrow strip closely hugging the
pressure side of the vane, A bdrisk vortex motion prevailled in
the dead alr zone.
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Figure 16 is the photographically obtained flow picture
e e Q
for =n = 350 rpm; Q.=.3.79 liters per second; ' gr———s
= 0,63 H = 0,77 meter.

Figure 17. The water performance was reduced to

Q

= 0.2065 n = 240 rpnm;
Qnormal

1.038 1liters per second'

He 0,79 meter

This condition is characterized by fairly regularly recurring
pulsations (1l.5-sec periods), The inflow to the impeller
passages iteelf is no longer regular. The source of these
disturbances lies undoubtedly with the impeller vanes. The
impeller passages are now almost completely filled with dead
air which pulsates periodically. The forward and backward
flow in the passages is not simultaneous; but while the

wvater flowe forward in several passaces, it flowe dback in
others. During the return flow a part of the passage con—
tent spllls over the entrance circle again and so passes in-—
to the next or next to the next passage. The water particles
of the effective water current are probebly conveyed inter—
mittently through the impeller passages at the individual
periods.

The exact process within a period is described with the
aid of figure 17 (Q = 1.038 liters per second; n = 240 rpm;

Q

Qnormal

(beginning of period) at point B and runs along the pressure
side (fig, 17, first condition) in channel I for a short
distance while closely adhering, then besins to form vortices
under gradual separation from the vane wall, which fill the
entire width of passage I. The time during which the color
Jot enters this passage amounts to a smell fraction of a
second. The color vortices, however, remain for a compara-
tively long time in the passage and pulsate dack and forth,

A gradual break-away of the colored water particles occurs

at point a on the vane, In the meantime the prinecipal

flow has formed in passage II (fig. 17, second flow con—
dition), approximately 1/3 to 1/4 second after start of the
period. The color Jet proceeds as indicated and forme
vortices which nearly fill the entire passage, These vortices
likewise pulsate back and forth, while the vane tip at 6 mani-
fested break—away of colored water particles. The termination

= 0,206; H = 0,79 meter). The color jJjet emerces
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of the forward flow in passage Il is indicated by a sudden
inflow of colored water into passage III (fig, 17, thirad
flow condition), where the same phenomena were observed as
a short time before in passages II and I. This is the end
of a perlod, during which the impeller makes from 5 to 7
revolutions.,

Figures 18 and 19. The photographe need no further
explanation. BReverse flows in the passages I and IV are
plainly visidble, likewlse the forward flow of the water in
passage III, Figure 20 (n = 243 rpm; Q = 0,133 liters

= 0.026; H = 0.812 meter: The irregu—

per second;
Qnormal

larities of the flow are more pronounced, since the pulrsations
are more active and the area in which these motions occur
1s greater.

In connection with the description of flow conditions
for different below-—normal quantitles of water, several
photographic records have been included although they offer
nothing newvw in principle. For these photographs a different
coloring method was used at the suggestion of D. Thoma.
Through & vealve mounted in the suction pipe of the test pump,
which received the dyegsuff under positive pressure, it was
possible occasionally to color the total delivery water.

At the start of the test the pump was driven with clear water.
The valve was opered shortly before releasing the shutter.

The active flow shows up black in the flow pictures (figs.

21 and 22), while the dead air epaces on the suction side

of the vane are still filled with clear water,

With larger volumes of water the coloring of the total
delivery water became impractical for the identification
of the two sones, because the interchange of colored and
¢lear water was too rapid in conseguence of brlsk turbulence;
hence the photographs d4id not turn out satisfactory. Better
results were obtained with A partial coloration of the water,
Thie was secured by a dividing wall in the suction pipe of
the pump, with the valve in the position shown in figzure 2%,
The vanes passed alternately in a zone of dyed and clear
vater. The dead air spaces in the upper part of the picture

again appear as black areas (fig. 24). 8 = 0,47,
Qnormal

Flow at normal water volume ( = 1).- Figure 25

Qnormnal
represents the flow conditions for =an = 400 rpm; Q = 8.86

liters per secondj} g—————— = 1,064 H = 1,41 meters,
Qnormal
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The first premise of a hydraulically bdeneficial flow — shoack
free entry — is complied with as can be deduced from the
clearage of the dye filament at point B. (The mouth of the
coloring tube was located in the extension of the median
line of the vane.) Contrariwise, it is found that the flow
in the impeller passages 1is not ocuite as desired. A dead
air space clings to the suction side of the vane at the
exit, which for the area available for the throughflow re—
duces the section Z—Z by about 1/3, and comsequently rsises
the velocity of the water by 60 percent. This formation

of dead air space causes a flov-off at a much smaller angle
than the vane exit angle (20.5° as against 28°), There was
scarcely any evidence of separation at the pressure side of
the vane, The flow hugs the vane wall closely.

Relation between the Dead Air Spaces on the Suctlon and
Pressure Side of the Vane at
Variation in Throughflow Volume

The findings of the preceding two chapters are now driefly
summar ized in order to point out the variatlons of the result-—
ant flow pattern on changing from one volume of water to an—
other. The observations indicated that even for esupernormal
weter volume a dead air space develops at the outlet on the
vane suction eide, which on reduction of the delivered vol-—
ume increases in extent. The break—away point shifts con-
tinuously toward the entrance edge. On the pressure side
the phenomena are reversed. The dead alr epace, which is
greatest for supernormael volume of water, decreases and dis—
appears altogether for normal or subnormal volume. The pas—
sage cross section availlable for the active flow then is gov—
erned by the extent of the suction side deand auir space. If
the volume of water is small the active flow im restricted
to a small passage along the pressure side of the vane, a
phenomenon which is not to be expected in frictionless fluiad,

To gain an insight into the magnitude, extent, and
variation of the dend air spaces, as well as their relation—-
ship, 1t was necessary to include the flow pictures of the
other rotational speeds for the interpretation (fie, R7).

The lines of demarcation betweern mactive zone and dead air
space were determined from the photographic records, The
very nature of the matter made a2 sharp definition of the
boundary lines of the two areas imposeible, Tke interming—
ling is much more pronounced for small volumes than for ereat
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volumes. The plotting of the four employed speeds condensed
in figure 27 indicates that the boundary arens between active
flov and dead air space on suction and pressure side of the
vene diverge very little for any delivery volume (very small
quantities of water excepted), In other words, the passage
remaining for the active flow between inlet and discharge
cross section has nearly the same width, When the dead air
space at the pressure side disappears the boundary area runs
approximately parallel to the vane.

COMPARISON OF THEE FLOW PATTERNS OF FRICTIONLESS FLUID WITH
THR OBTAINED FLOW PICTURES

Since the resultant flow in frictionless fliuild can be
regarded as being composed of two unrelated separate flows
(pure rotation flow with the pasrage vortex w and the
throughflow) the character of the total flow is on the whole
determined by the rotation flow when the quantities of water

are small % = gmall, and by the throughflow when the guant i-

ties of water are great (superpormal),

Pure Rotation Flow Q = O

The flow pattern represented in figure 28 for pure ro-
tation flow (Q = O) was computed by Kucharski for the straight
radlal vane extending to the center. Applied to the present
impeller conditions the flow pattern should be as shown in
figure 29 (operation in frictionless fluld.) The fluid
circles relative to the impeller paseage in clozed ordite
about a stationary nucleus. A comparison with the conditions
of flov in figures 30 and &1 indicates that the presence of
friction introduces a fundamental change iIn the character
of the pure rotation flow. The negative pessage vortex 1in
dissolved in a number of continuously changing sinsle vortices,
without a trace of the original existence of the negative
passags vortex. However, this deviation should not be held
as objection against the theory, because it is clear that
the friction attains controlling influence for deficlent
throughflow —or more precisely for very small throughflow —
covering only the slot losses. At most, the theoretical flow
pattern might be expected immediately after starting,




NACA TH No. 1089 12

Flow at Small Quantities of Water

. Kucharski's theoretical prediction of the flow pattern
in frictionless fluid (fig. 32) affords & reference point
for plotting the streamlines for the present impeller con—

ditions (fig. 33).

The separation of a fluid core on the (reanure side 03
1

the vane is unusual. For small guantities = smal
Qnormal

the velocities caused by the passage vortex exceed the pure
throughflow velocity; thus reverse flows are to be expected
on the pressure side of the vane, vhere the velocitlies are
subtracted, Contrariwise, the velocity increases at the
suction side of the vane. The operation in frictionless
fluid presents no occasion for continuously changing, dis—
similar flow conditions in the individual impeller passages,
in point of fact the same condition, which remains constant
for a certaln operating case,will prevall in all passages.

The flow picture of figure 16 serves for comparison;
its delivery i1s surely reduced to suck an extent that in
frictionless fluild reverse flows are to be expected on the
pressure side of the vane, while the uncertaintles, 1ln-
troduced by the pulsation of the flow for very small ocuantil-
ties of water, are removed. The following picture is pre—
sented: Reverse flows on the pressure side of the vene in
conaequence of the negative passage vortex do, in faet, not
occur, rather a substantial dead alr space develops on the
suction side of the vane.

EFFECT OF DEAD AIR SPACE ON THE OBTAINABLE HEAD

The decrease in the power absorption of an impeller is
partly explained by the described processes.

The principal equation, under the assumption of vertical
inflow and infinite number of vanes, gives the theoretical
head (fig. 34a) at

1
‘Hyy =% Osu Us

In figure 34b the average velocity triangle at the exit 1is
shown as obtainable on the premise of finite number of vanes
and with pressure and velocity distridbution over a parallel
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circle accordings to data in literature (reference 5) (complete
filling of pessages with active flow presumed). Qualitatively,
the.calculation -furnished a correct plecture; the actually
occurring veloclties on the pressure and suction side of

the vane can be seen from figure 35. The relative position

of the colored filaments affords an insight into the velocity
distribution of the impeller. In the same time interval,
during which particle P travels the distance PP", the water
particle Q reaches Q", This distance is much shorter, hence
proves the higher speed on the suction side of the vane.

This phenomenon increases the average relative discharge
velocity and reduces the outflow angle; bdoth result in a re—
duced power absorption. The incomplete filling of the im—
peller passages with active flow acts in the same sense; 1t
produces a further increase in tke average relative discharge
velocity and a second reduction of the head. (Cf. velocity

triangle, fig. 34c.)

EFFECT OF INCREASED MERIDIAN VELOCITY c'yy ON THE SIZE OF
THE GUIDE VANE ENTRANCE ANGLE

The absolute paths of the water particles after exit from
the impeller are, theoretically, logarithmic spirals on the
assumption of constant width of passages. The dissimilarity
of angle o and a' is evident from figure 34. The tangent
of angle a' under which the absolute paths slope toward the
clrcumference is

¢,I
am
tan a!' = -
au

It 1s seen that the increase from Oz to c'zp caused

by the dead alr space produces a greater angle a', With
angle a, the active flow would result in =2 shock st the
impeller entrance. The existence of the clearance space be-—
twveen impeller ard guilde apparatus lessens, the entrance
shock because a certein equalization 1s achieved in this
part.

EFFECT OF GUIDE APPARATUS ON THE RELATIVE FLOW IN THE IMPELIER

The presence of a guide apparatus itself affects the flow
in the impeller. The relative flow in the impeller loses its
stationary character. This phenomenon ties in with the too—
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snmall guilde vane entrance angles — cowing to nonobservation

of the dead air space formation. The flow—off conditions

for the separate flow tubes of a passage differ at a specific
instant. At point A (fig. 36) only a small space is avail-
able to the flow for a change in direction; hence the shock
is relatively stronger than at B. The flow pictures indicate
that the presence of a guide apparastus can, under certain
circumstances, become the cause of new disturbances. The
exper ience of several researches (reference 6), that the
installation of a guide apparatus improeves the efficiency
only for very accurately chosen guide vane entrance angles,
is herewith explained.

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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(2) Condition

(3) Condition
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Figure 33.- Frontispiece: separation of flow in a centrifugal pump

at 400 rpm; made visible by sudden coloration of inflow-
ing water. Subnormal quantity of water; taken with rotating camera;
exposure: 1/350 sec.
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Figure 286.
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Figure 27.
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NACA TM No. 1089

Figs. 38,39,30,31

Figure 29.
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Figs. 33,33,34
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Figure 33.
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Figure 34.




NACA TM No. 1089 Fig. 35,36

Figure 36.
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